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There is a long standing debate about whether or not the annual modulation signal reported
by the DAMA/LIBRA collaboration is induced by Weakly Interacting Massive Particles (WIMP)
in the galaxy’s dark matter halo scattering from nuclides in their NaI(Tl) crystal target/detector.
This is because regions of WIMP-mass vs. WIMP-nucleon cross-section parameter space that can
accommodate the DAMA/LIBRA-phase1 modulation signal in the context of the standard WIMP
dark matter galactic halo and isospin-conserving (canonical), spin-independent (SI) WIMP-nucleon
interactions have been excluded by the COSINE-100 experiment that uses the same NaI(Tl) tar-
get/detector material. Moreover, the recently released DAMA/LIBRA-phase2 results are incon-
sistent with an interpretation as WIMP-nuclide scattering via the canonical SI interaction and
prefer, instead, isospin-violating or spin-dependent interactions. Dark matter interpretations of the
DAMA/LIBRA signal are sensitive to the NaI(Tl) scintillation efficiency for nuclear recoils, which
is characterized by so-called quenching factors (QF), and the QF values used in previous studies
differ significantly from recently reported measurements, which may have led to incorrect charac-
terizations of the DAMA/LIBRA signal. In this article, the compatibility of the DAMA/LIBRA
and COSINE-100 results, in light of the new QF measurements is examined for different possible
types of WIMP-nucleon interactions. The resulting allowed parameter space regions associated with
the DAMA/LIBRA signal are explicitly compared with 90% confidence level upper limits from the
initial 59.5 day COSINE-100 exposure. With the newly measured QF values, the allowed 3σ regions
from the DAMA/LIBRA data are still generally excluded by the COSINE-100 data.
I. INTRODUCTION
A number of astrophysical observations provide evi-
dence that the dominant matter component of the uni-
verse is not ordinary matter, but rather non-baryonic
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dark matter [1, 2]. Weakly Interacting Massive Parti-
cles (WIMPs) are particle dark matter candidates [3–5]
that have been the subject of extensive searches by direct
detection, indirect detection, and collider experiments,
with no success [6].
The one exception is the long-standing observation by
the DAMA/LIBRA collaboration of an annual modula-
tion in the nucear-recoil event rate in an underground
array of low-background NaI(Tl) detectors. Although
this signal has persisted throughout more than 20 years
of investigation [7–11], its interpretation as being due
to WIMP-nucleus scattering in the specific context of
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2the standard galactic WIMP halo model [12, 13], has
been the subject of a continuing debate. This is be-
cause the WIMP-nucleon cross sections inferred from the
DAMA/LIBRA modulation are in conflict with limits
from other experiments that directly measure the total,
time integrated rate of nuclear recoils [14–22]. An un-
ambiguous verification of the DAMA/LIBRA signal by
independent experiments using the same NaI(Tl) crys-
tal target material is mandatory. Experimental efforts
by several groups using the same NaI(Tl) target medium
are currently underway [23–28].
COSINE-100, located at the Yangyang underground
laboratory in South Korea, is one of the experiments
aimed at testing the DAMA/LIBRA results with a
NaI(Tl) crystal detector/target [25]. The experiment,
which began data taking in 2016, utilizes eight low-
background NaI(Tl) scintillating crystals [29] arranged
in a 4×2 array, with a total target mass of 106 kg. Each
crystal is coupled to two photomultiplier tubes (PMTs)
to measure the amount of deposited energy in the crystal.
The crystal assemblies are immersed in 2,200L of liquid
scintillator, which allows for the identification and subse-
quent reduction of radioactive backgrounds observed in
the crystals [30]. The liquid scintillator is surrounded by
copper, lead, and plastic scintillators to reduce the back-
ground contribution from external radiation as well as
tag cosmic-ray muons that transit the apparatus [31].
With the initial 59.5 live days exposure of COSINE-
100, we reported our first WIMP dark matter search
result [32] that excluded the 3σ region of allowed
WIMP masses and cross sections that were associated
with the DAMA/LIBRA-phase1 signal assuming canoni-
cal (isospin-conserving) spin-independent (SI) WIMP in-
teractions in the specific context of the standard WIMP
galactic halo model [33]. Even though DAMA/LIBRA
and COSINE-100 use the same NaI(Tl) target, there
are differences. The DAMA/LIBRA signal is an annual
modulation effect while the COSINE-100 result is based
on the time averaged spectral shape [34]. Although the
first modulation measurements from ANAIS-112 [35] and
COSINE-100 [36] were recently released, both experi-
ments still need a few more years of exposure to reach
a modulation sensitivity that is sufficient to probe the
DAMA/LIBRA signal directly [25, 27].
It is interesting to compare the DAMA/LIBRA annual
modulation signal with the time-averaged rate consider-
ing specific models for the WIMP-nucleon interaction.
This is especially the case for the time-averaged NaI(Tl)
results from COSINE-100. While the DAMA/LIBRA-
phase1 results used a 2 keVee (electron equivalent energy)
energy threshold, the recent phase2 result has a lower
threshold of 1 keVee [11]. The new low-threshold energy
signal has a significantly worse goodness-of-fit for the
canonical SI scattering scenario [37–39], suggesting that
an isospin-violating model in which the WIMP-proton
coupling is different from the WIMP-neutron coupling,
or a spin-dependent (SD) interaction model are better
suited for WIMP dark matter interpretations of the sig-
nal.
One noticeable issue with the interpretation of the
DAMA/LIBRA obervation in terms of WIMP-nucleon
interactions is the value of the nuclear-recoil quenching
factor (QF). Quenching factors are the scintillation light
yields for sodium and iodine recoils relative to those for
γ/electron-induced radiation of the same energy. Most
previous studies have used QF values reported by the
DAMA/NaI collaboration in 1996 [40] (subsequently re-
ferred to as DAMA QF values), that were obtained by
measuring the response of NaI(Tl) crystals to nuclear re-
coils induced by neutrons from a 252Cf source. The mea-
sured responses are compared with the simulated neutron
energy spectrum to obtain QF values with the assump-
tion that they are independent of the energy of the re-
coiling nuclide: for sodium recoil energies between 6.4
and 97 keVnr (nuclear recoil energy), QFNa=0.30±0.01;
for iodine recoil energies between 22 and 330 keVnr,
QFI=0.09±0.01 [40]. Recently, results from more re-
fined methods for measuring NaI(Tl) QF values that use
monochromatic neutron beams have been reported [41–
44]. In these measurements, the detection of an elasti-
cally scattered neutron at a fixed angle relative to the
incoming neutron beam direction provides an unambigu-
ous knowledge of the energy transferred to the target nu-
clide. The QF values from these recent determinations
differ significantly from the 1996 DAMA QF results, as
shown in Fig. 1.
In this article, allowed regions in WIMP-nucleon cross-
section and WIMP mass parameter space correspond-
ing to the DAMA/LIBRA signal are presented for some
of the different possible dark matter interactions that
are discussed in Ref. [37] using the recently measured
QFNa and QFI values. The DAMA/LIBRA-phase1 [10]
and phase2 [11] data are used simultaneously for cases
where a good quality-of-fit was obtained. The allowed
regions from the DAMA/LIBRA data are explicitly com-
pared with the 90% confidence level (CL) limits esti-
mated from the 59.5 day COSINE-100 exposure [32].
For comparison, the same data are interpreted using the
DAMA QF values. For all of the WIMP-nucleon in-
teractions considered here, we find that the COSINE-
100 data excludes the 3σ allowed regions associated with
the DAMA/LIBRA data in the context of the standard
WIMP galactic halo model.
II. QUENCHING FACTOR MODEL AND
IMPLICATIONS FOR THE INTERPRETATION
OF THE DAMA/LIBRA SIGNAL
The recently measured QFNa and QFI from
Refs. [41–44] were adopted for interpretations of
the DAMA/LIBRA signal. Interestingly, all of the
recent measurements show an increasing behavior with
QFNa with increasing recoil energy. This behavior is
also observed in liquid xenon [46] and is well explained
by the Lindhard model [45]. We fit the three new
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FIG. 1. The nuclear recoil quenching factors of Na (a) and I (b) recoils in the NaI(Tl) crystal measured by DAMA [40] (black
dotted line) are compared with the recent measurements by Collar [41] (red square points), Xu et al. [42] (magenta triangle
points) and Joo et al. [44] (black circle points). The new measurements are modeled with an empirical formula based on the
Lindhard et al . model [45]. The blue solid line in (a) indicates our assumed lower bound of QF systematic uncertainty for
ER & 19.6 keVnr that considers the fast increase of QFNa in the Collar data.
measurements with a modified version of the Lindhard
model (see Appendix); as shown in Fig. 1, the three sets
of measurements can be well fit by the model.
Even though the new measurements have consistent
energy dependence and lower QF values than those mea-
sured by DAMA, there are some mutual differences.
These may be due to different environmental conditions,
analysis methods (including different charge integration
windows), and different tallium doping concentration of
the crystals used for the measurements. In applying these
new QF values to the DAMA/LIBRA data, we consider
these variations as a source of systematic uncertainty.
The Joo et al. [44] results are taken as the central value
with allowed systematical variations that span the range
between the Xu et al. [42] and Collar [41] measurements
(see Appendix). Figure 1 shows the three new QF mea-
surement sets, each with its own fit based on the mod-
ified Lindhard model. Because of the fast increase of
QFNa in the Collar measurements at energies higher than
19.6 keVnr, the lower bound of systematic uncertainties,
denoted by a blue solid line in Fig. 1 (a), was taken to
be the difference between the Xu et al. and Joo et al.
measurements. In the case of the COSINE-100 data, the
Joo et al. results were used because these measurements
used a crystal from the same ingot, the same data aqui-
sition system [47], and the same analysis framework as
the COSINE-100 experimental data.
We use the modulation amplitude results from
DAMA/LIBRA-phase1 [10] and phase2 [11], as rebinned
in Ref. [37] and shown in Fig. 2. We built a χ2 fit-
ter to test the DAMA/LIBRA data against the modu-
lation amplitude that is expected for the WIMP interac-
tion under consideration. The energy resolution of the
DAMA/LIBRA detector was taken from Refs. [48, 49];
the reported DAMA/LIBRA data is efficiency corrected.
To obtain allowed regions in the WIMP mass vs. WIMP-
proton cross-section parameter space, we implement a
maximum likelihood method based on the likelihood ra-
tio to fit for mass and cross section values. Confidence
regions in these parameters are determined by examining
variations of the likelihood values from their maxima (see
Appendix).
III. ISOSPIN-CONSERVING
SPIN-INDEPENDENT MODEL
For the DAMA/LIBRA-phase1 data, the isospin con-
serving SI scattering with DAMA QF values provided a
good fit for WIMPs [33]. On the other hand, the ob-
served DAMA/LIBRA-phase2 modulation data does not
provide a good fit to the expectations for this model
[37–39]. Switching to the new QF values for both the
phase1 and phase2 data does not improve the phase2
data’s agreement with the model, as shown in Fig. 2
and summarized in Table I. As discussed in Ref. [37],
modulation amplitude in the low-WIMP-mass allowed
region, which is dominated by WIMP-sodium scatter-
ing, is expected to increase rapidly for recoil energies be-
low 1.5 keVee because of the onset of contributions from
WIMP-iodine scattering. On the other hand, modula-
tion amplitude in the the high-WIMP-mass allowed re-
gion, which is dominated by WIMP-iodine scattering, is
expected to decrease at energies below 1.5 keVee. Since
the DAMA/LIBRA-phase2 data displays a modulation
amplitude that smoothly increases with energy below
1.5 keVee, the canonical SI WIMP interaction cannot pro-
vide a good fit to the phase2 data. We, therefore, only use
the phase1 data for the interpretation of the canonical SI
WIMP scattering with the new QF values. As shown in
Fig. 3, the best fit regions of the DAMA/LIBRA-phase1
data with the new QF results show significantly increased
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FIG. 2. DAMA/LIBRA’s modulation amplitudes (phase2:top and phase1:bottom) as a function of measured electron-
equivalent energy are presented for low-mass regions (left) and high-mass regions (right) with the best fit models (red solid
line), with the assumption of canonical SI WIMP interactions and the new QF values. The iodine-only component is denoted
by the green-dotted line. The DAMA/LIBRA-phase1 data provide good fits for both low-mass and high-mass regions, while
the phase2 data has large chi-squared values at the best fit points.
values for both the allowed WIMP masses and WIMP-
nucleon cross-sections. We find that the local minimum
value of chi-squared with the new QF values in the low-
mass region increases somewhat, while the chi-squared
value for the high-mass region decreases, as summarized
in Table I.
The 90% confidence level (CL) upper limits for
the COSINE-100 data are determined using the
Bayesian method described in Ref. [32] (see Appendix).
Even though the allowed parameter space from the
DAMA/LIBRA-phase1 data is changed by the new QF
values, the COSINE-100 results still exclude the DAMA
3σ region as shown in Fig. 3. This is because the de-
pendence on QF values are nearly the same for the
DAMA/LIBRA and COSINE-100 measurements.
IV. ISOSPIN VIOLATING
SPIN-INDEPENDENT INTERACTION
It is clear from the above disussion that in or-
der to fit both the DAMA/LIBRA-phase1 and phase2
data (DAMA/LIBRA-phase1+phase2 data), the contri-
butions from WIMP-iodine scattering have to be sup-
pressed. This can be accomplished if the WIMP-
proton coupling is different from the WIMP-neutron cou-
pling (isospin violating interaction) [37, 38]. (Sodium has
nearly equal numbers of protons (11) and neutrons (12);
iodine has 74 neutrons and 53 protons.) In this case,
three parameters are used to fit the DAMA/LIBRA
data: the WIMP mass, the WIMP-proton scattering
cross-section, and the ratio between the effective cou-
pling of WIMPs to neutrons and to protons (fn/fp).
Figure 4 shows the 3σ-allowed WIMP mass vs. cross-
sections regions for the DAMA/LIBRA-phase1+phase2
data with the new QF values for the best fit values of
fn/fp = −0.758 in the low-mass and fn/fp = −0.712
in the high-mass regions. The low-mass and high-mass
local minima are significantly shifted with respect to the
results using the DAMA QF values. The minimum chi-
squared values with the new QF values, listed in Table I,
indicate that this model provides a good description of
the full DAMA/LIBRA-phase1+phase2 data set.
5The 90% CL upper limits evaluated from the COSINE-
100 data with fn/fp values determined from the best
fit to the DAMA/LIBRA-phase1+phase2 data, shown
in Fig. 4, exclude the allowed 3σ regions from the
DAMA/LIBRA data. In a scan of different fn/fp values
over the [-1,1] interval, we find the limits obtained from
the COSINE-100 exclude the DAMA/LIBRA allowed 3σ
regions for all cases (see Supplementary Figure).
V. SPIN-DEPENDENT INTERACTION
We use the effective field theory treatment and nu-
clear form factors from Ref. [50–52] to estimate the
DAMA/LIBRA allowed regions for spin-dependent (SD)
interactions using the publicly available dmdd pack-
age [53, 54]. In the fit to the DAMA/LIBRA data, we
vary two parameters: the WIMP-mass and the WIMP-
proton SD interaction cross section. Here we do not in-
clude WIMP-neutron SD interactions because the even
number of neutrons in both sodium and iodine suppresses
the expected signal significantly while the odd number of
protons in both elements make them more sensitive to
WIMP-proton SD interactions. For the DAMA/LIBRA
data, two local minima are obtained with the new QF
values for the SD WIMP-proton interaction, while only
a low-mass WIMP has a good fit for the DAMA QF val-
ues as shown in Fig. 5. However, the chi-squared value
of the best fit using the new QF values is slightly worse,
as shown in Table I. In the high-mass region, the rel-
atively large chi-squared value with the new QF values
corresponds to a similar trend seen in the fit that uses
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FIG. 3. The 3σ allowed regions of the WIMP mass
and the WIMP-proton cross-section associated with the
DAMA/LIBRA-phase1 data (blue solid contours) are com-
pared with the 90% CL upper limit from the COSINE-100
data (black solid line) with the new QF values. To illustrate
the effects of the QF changes, we present the 3σ regions of the
DAMA/LIBRA-phase1 data (blue dotted contours) and 90%
CL limit of the COSINE-100 data (black dotted line) using
the DAMA QF values (from Ref. [32]).
the DAMA QF values.
Figure 5 shows the 90% CL upper limit obtained from
the COSINE-100 data with the same effective field the-
ory treatment and nuclear form factors for sodium and
iodine. The DAMA/LIBRA 3σ allowed regions for SD
WIMP-proton interaction hypothesis are excluded by the
90% CL upper limit from the COSINE-100 data.
VI. DISCUSSION
We examine the compatibility of the DAMA/LIBRA
and COSINE 100 data in the context of various WIMP
dark matter hypotheses and taking into account the re-
cently measured nuclear recoil QF values for sodium and
iodine. We find that the DAMA/LIBRA-phase2 data
are not compatible with canonical SI WIMP interaction
in the context of the standard WIMP galactic halo model
using the new QF values. Moreover, the DAMA/LIBRA-
phase1 data only are well fitted but with significant shifts
in both the allowed WIMP-mass and WIMP-nucleon
cross-section values. We successfully obtained allowed re-
gions from the DAMA/LIBRA-phase1+phase2 data for
an isospin-violating interaction hypothesis, as well as
for spin-dependent WIMP-proton interactions with the
new QF values. However, for all the WIMP-dark mat-
ter interpretations of the DAMA/LIBRA data consid-
ered here, the COSINE-100 limits based on the initial
59.5 days’ exposure exclude the 3σ allowed regions for the
DAMA/LIBRA modulation signal at the 90% CL. Be-
cause the COSINE-100 experiment uses the same NaI(Tl)
target medium as the DAMA/LIBRA experiment, this
result strongly constrains models that purport to explain
the DAMA/LIBRA modulation signal as being due to
interactions of WIMPs in the galactic dark matter halo
with nuclides in NaI(Tl) crystal detectors.
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FIG. 4. The 3σ allowed regions of the WIMP mass and the cross-section associated with the DAMA/LIBRA-phase1+phase2
data (blue solid contour) are compared with the 90% CL upper limit from the COSINE-100 data (black solid line). The dotted
curves shown the results using the DAMA QF values. In each plot, we fix the effective coupling ratios to neutrons and protons
fn/fp to their best fit values: fn/fp = −0.758 (-0.756) for the low-mass regions and new (DAMA) QF values; fn/fp = −0.712
(-0.684) for the high-mass regions and new (DAMA) QF values.
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proton SD cross-section associated with the DAMA/LIBRA-
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17.1/(18-3) (1.0σ) 11.8 2.54× 10−2 -0.756
17.4/(18-3) (1.0σ) 44.6 2.36× 10−3 -0.684
New
24.2/(18-2) (1.7σ) 20.7 2.59× 10−1
-
Spin Dependent 30.5/(18-2) (2.4σ) 55.6 1.74× 10−1
(Phase1+2)
DAMA
17.3/(18-2) (0.9σ) 11.8 2.37× 10−1
45.2/(18-2) (3.8σ) 42.3 1.55× 10−1
TABLE I. The best fit values for the comparison of three WIMP-nucleon interaction hypotheses to the DAMA/LIBRA data
are summarized. Here we present the fit results based on both the DAMA and new QF values. The first and second groups of
rows are for the canonical SI interaction using the phase1 and phase2 data, respectively. The third and fourth groups, using
the DAMA/LIBRA-phase1+phase2 data, are for the isospin-violating SI interaction and the SD proton couplings, respectively.
The canonical SI interaction for the DAMA/LIBRA-phase2 data does not provide a good fit, while for the other cases good
fits are obtained.
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APPENDIX
Quenching factors
The electron-equivalent visible energy Eee produced by
recoil nuclei in scintillation detector is typically smaller
than its true nuclear recoil energy ER. The ratio of Eee
to ER, the nuclear recoil quenching factor (QF), has to
be externally evaluated in order to interpret results from
dark matter search experiments that use scintillating
crystal target/detectors. The DAMA/LIBRA collabora-
tion measured QF values for sodium, QFNa=0.3±0.01 av-
eraged over 6.4 to 97 keVnr, and iodine, QFI=0.09±0.01
averaged over 22 to 330 keVnr [40]. However, recent mea-
surements by Collar [41], Xu et al . [42] and Joo et al . [44]
reported significantly different results as presented in
Fig.1. The new QF measurements all exhibit strong
ER dependence. In order to parameterize the energy-
dependent QF measurements, we use the formula from
Lindhard et al . [45]:
f(ER) =
kg(ǫ)
1 + kg(ǫ)
, (1)
where ǫ = 11.5Z−7/3 ER, k = 0.133Z
2/3A1/2, Z is the
number of protons, and A is the number of nucleons. The
function g(ǫ) is given by [12] to be:
g(ǫ) = 3ǫ0.15 + 0.7ǫ0.6 + ǫ. (2)
The direct application of the Lindhard model to the
NaI(Tl) crystals provides a poor match to the recently
measured QF values. We, therefore, consider k = p0 and
ǫ = p1ER, where p0 and p1 are fit parameters. This
modified Lindhard model well describes the recent mea-
surements of QFNa and QFI as shown in Fig. 1. There
are two QFI measurements by Collar and Joo et al . as
shown in Fig. 1 (b). In order to estimate the QFI model,
we use only the results from Joo et al ., because the mea-
surement by Joo et al . covers that by Collar in terms of
energy coverages as well as uncertainties.
Chi-squared formula including QF systematic
uncertainties
We use three QFNa measurements to interpret the
DAMA/LIBRA data. Since the measurements done by
Joo et al. are the between Collar and Xu et al. results,
we use them as the mean QF values. Differences with
the other results are included as systematic uncertainties
in QFNa in the chi-squared (χ
2) as:
χ2 =
phase∑
i
datapoint∑
ji
[
Oij − Eij(αqf)
σij
]2
+
(
αqf
σqf
)2
, (3)
where the i = 1, 2 indicates phase-1 and phase-2, and
ji is the energy bin for phase-i (j1 = 1, 2, · · · 8, j2 =
1, 2, · · · 10); Oij is the observed modulation amplitude in
phase-i and jth energy bin and the Eij is the expected
signal from WIMP-nucleon interaction in the model; Eij
depends on the QF value, which can be varied taking
into account the measurements by Xu et al. and Collar
through the pull term αqf ,
qNa(ER) = f0(ER) + αqf · |f0(ER)− fs(ER)| . (4)
Here f0(ER) is the mean QF value from Joo et al. data
while fs(ER) is the systematic variation of the QF value
from Xu et al./Collar data for positive/negative αqf vari-
ations.
Since the rate of increase of QFNa from Collar’s mea-
9surement is relatively fast, we have changed the lower
bound in Eq.4 using a conservative approach. For ER
below the intersection of the Xu et al. and Collar mea-
surements, we use the larger |f0(ER)− fs(ER)| between
Xu et al. and Collar. In this way, Collar’s measurement
is used for ER below ∼20 keV (red line in Fig. 1 (a)). For
ER above ∼20 keV, we use the Xu et al.’s measurement
(blue line in Fig. 1 (a)) instead of Collar’s, which overlap
the Joo et al.’s results. In the ER region above the in-
tersection, we also use Xu et al.’s measurements because
the lower bound decreases due to the rapidly increasing
rate of QFNa from Collar’s measurement.
Likelihood ratio method to interpret the
DAMA/LIBRA data in the WIMP-nucleon
interaction
In order to find the best fit parameters and estimate
the allowed parameter space from the positive annual
modulation signal observed by the DAMA/LIBRA ex-
periment, a likelihood ratio method via chi-squared is
used. The confidence region is estimated from the loga-
rithm of the likelihood ratio as:
ln
[
L(p)
L(pˆ)
]
= lnL(p)− lnLmax ≥ ∆ lnL, (5)
where L is the likelihood, and p denotes parameters such
as WIMP mass and WIMP-nucleon cross section. In the
case of the isospin-violating interaction, fn/fp is an addi-
tional parameter in p. When there are the variations of
newly measured QF values, we add the variation factor to
p. The maximum likelihood, Lmax, occurs at p = pˆ, the
most probable parameter to describe the DAMA/LIBRA
data. Assuming a Gaussian distribution of the likelihood,
the logarithm of the likelihood can be identified with the
chi-squared, −2 lnL = χ2,
χ2(p) ≤ χmin +∆χ2. (6)
In order to estimate 2-dimensional contour of confi-
dence regions, ∆χ2 is determined from a χ2 probabil-
ity distribution. In the case of 2-dimensional fit for the
WIMP mass and WIMP-nucleon cross section, ∆χ2 =
2.2958 (1σ), 11.8292 (3σ), 28.7437 (5σ) are used.
Bayesian analysis
The exclusion limits for COSINE-100 are estimated via
the Bayesian approach. For each WIMP mass point, the
posterior probability density function (PDF) in terms
of WIMP-nucleon cross section can be obtained via
marginalization of the likelihood function including the
prior,
P (σ|M) = Nπ(σ)
∫
L(M|q)π(q)dq (7)
where P (σ|M) is the posterior PDF, L(M|q) is the likeli-
hood function, π(q) and π(σ) are priors, and N is a nor-
malization factor; σ is the cross section (signal strength),
M is the measurement, and q denotes parameters asso-
ciated with systematic uncertainties. We consider the
same systematic uncertainties used in analysis of the
COSINE-100 data [32]. We use the Gaussian distribu-
tion and the Heaviside step function for π(q) and π(σ),
respectively. The Markov Chain Monte Carlo (MCMC)
via Metropolis-Hastings algorithm is used for the multi-
variable integration.
Expected WIMP signal
The differential nuclear recoil rate per unit target mass
for elastic scattering between WIMPs of mass mχ and
target nuclei of mass M is
dR
dEnr
=
2ρχ
mχ
∫
d3v v f(v, t)
dσ
dq2
(q2, v), (8)
where ρχ is the local mass density of WIMPs, f(v, t)
is the time-dependent WIMP velocity distribution, and
dσ/dq2(q2, v) is the differential cross section depend-
ing on the velocity with the momentum exchange q2 =
2MEnr.
For the WIMP velocity distribution we assume a
Maxwellian distribution [12],
f(v, t) =
1
Nesc
e−(v+vE)
2/2σ2
v , (9)
where Nesc is a normalization constant, vE is the Earth
velocity relative to the WIMP dark matter, and σv is the
velocity dispersion. The standard halo parameterization
is used with local dark matter density ρχ = 0.3 GeV/cm
3
,
vE = 232 km/s,
√
2σv = 220 km/s and galactic escape
velocity vesc = 544 km/s.
The effective field theory operators and nuclear form
factors described in Ref.s [50–52, 54] are used to model
the nuclear responses in the differential cross section.
The generalized spin-independent response (the M op-
erator in Table 1 of Ref [50]) is used for both the canoni-
cal and the isospin-violating SI interactions. For isospin-
violating SI interactions, the WIMP-nucleon coupling co-
efficient ratio, fn/fp is floated. The two spin-dependent
response operators (Σ′ and Σ′′) from the same table)
are used for SD interactions. These nuclear responses,
including form factors, are implemented using the pub-
lically available dmdd package [53]. We subsequently
apply the quenching factors and smearing (resolution)
effects to the differential nuclear recoil rate dR/dEnr to
obtain the expected differential rate, dR/dEee.
10
Annual modulation signal
TheWIMP signal rates that are expected for the differ-
ent models are used to interpret the COSINE-100 data.
However, for the DAMA/LIBRA annual modulation, it is
necessary to consider time-dependent rate changes. The
differential rate for dark matter signals per unit mass of
target including a time-dependent modulation term can
be approximated as [33]
dR
dEee
= S0(E) + Sm(E)cos (ω(t− tc)) , (10)
where S0 is the average rate over a year, Sm is the mod-
ulation amplitude, and tc is the time of year (phase) at
which vE has its maximum value. Based on this equation,
we obtain the modulation amplitude,
Sm(E) =
1
2
[
dR
dEee
(E, t1)− dR
dEee
(E, t2)
]
, (11)
where t1 = t0 + 152.46 [days] (∼June 1) and
t2 = t0 − 28.15 [days] (∼Dec. 3), with t0 =
noon (UT) on Dec. 31 [12].
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Supplementary Figure 1. The modulation amplitude of the DAMA/LIBRA data (both phase1 and phase2) as a function
of the measured energy is presented with two of the best fit points assuming the canonical SI interaction in dru units (=
counts/keV/kg/day). For both the low-Wimp-mass and high-WIMP-mass allowed regions, the best-fit models are disfavored
by the data with 6σ and 4.8σ confidence levels, respectively, based on chi-squared divided by the number of degrees of
freedom (χ2/NDF ). Here we use the new QF values that are discussed in the main text.
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Supplementary Figure 2. The modulation amplitude of the DAMA/LIBRA data (both phase1 and phase2) as a function
of the measured energy is presented with two of the best fit points assuming a isospin-violating SI interaction. In this case,
both the low-WIMP-mass and high-WIMP-mass allowed regions provide adequate fits to both the DAMA/LIBRA phase1 and
phase2 data. Here we use the new QF values that are discussed in the main text.
12
Energy [keVee]
0 5 10 15 20
M
od
ul
at
io
n 
Am
pl
itu
de
 [d
ru]
0
0.01
0.02
0.03
DAMA/LIBRA-phase1
DAMA/LIBRA-phase2
Na+I
I
/NDF = 24.2/(18-2)2χ
2
 = 20.7 GeV/cWIMPm
 pb-110× = 2.59SDσ
Energy [keVee]
0 5 10 15 20
M
od
ul
at
io
n 
Am
pl
itu
de
 [d
ru]
0
0.01
0.02
0.03
DAMA/LIBRA-phase1
DAMA/LIBRA-phase2
Na+I
I
/NDF = 30.5/(18-2)2χ
2
 = 55.6 GeV/cWIMPm
 pb-110× = 1.74SDσ
Supplementary Figure 3. The modulation amplitude of the DAMA/LIBRA data (both phase1 and phase2) as a function of
the measured energy is presented with two best-fit points assuming a SD WIMP-proton interaction. However, the chi-squared
values are relatively large and only marginally acceptable, and certainly not as good as those for isospin-violating interactions.
Here we use the new QF values that are discussed in the main text.
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Supplementary Figure 4. The allowed regions (contours) of the WIMP mass vs. cross-section associated with the
DAMA/LIBRA data are presented with various fn/fp ratios near the best fit points. The ratio fn/fp were scanned over the
[-1, 1] range, and from these we selected nine points in the more limited [-0.78, -0.62] range with minimum chi-squared values
that are reasonably consistent with the global minimum. For each case, the 90% CL upper limit from the COSINE-100 data
is presented as black lines. The solid lines represent the results with new QF values while dotted lines are obtained with the
DAMA QF values. It is evident in the figure that the location of the DAMA/LIBRA-allowed high-WIMP-mass region data
depends upon the fn/fp value.
